Mass spectrometry for fundamental studies in metrology and atomic, nuclear and particle physics requires extreme sensitivity and efficiency as well as ultimate resolving power and accuracy. An overview will be given on the global status of high-accuracy mass spectrometry for fundamental physics and metrology. Three quite different examples of modern mass spectrometric experiments in physics are presented: (i) the retardation spectrometer KATRIN at the Forschungszentrum Karlsruhe, employing electrostatic filtering in combination with magnetic-adiabatic collimation-the biggest mass spectrometer for determining the smallest mass, i.e. the mass of the electron anti-neutrino, (ii) the Experimental Cooler-Storage Ring at GSI-a mass spectrometer of medium size, relative to other accelerators, for determining medium-heavy masses and (iii) the Penning trap facility, SHIPTRAP, at GSI-the smallest mass spectrometer for determining the heaviest masses, those of super-heavy elements. Finally, a short view into the future will address the GSI project HITRAP at GSI for fundamental studies with highly-charged ions.
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JourNAL of MASS SPEctroMEtry
Mass spectrometry continues to be one of the most important, essential and basic techniques in science. [1] [2] [3] [4] this is because the mass of a fundamental particle is a fundamental property of the particle itself or, in a composite quantum mechanical system, the mass is the sum of the masses of all its building blocks minus the binding energy between those constituents. the binding energy, which can be determined by measuring the mass of the composite system as well as those of its building blocks, reflects all physical forces acting in such a quantum system; these are the strong, the electromagnetic and the weak forces. therefore, high-accuracy mass spectrometry is a straightforward technique to test these fundamental interactions with the hope of finding deviations from the predictions of the Standard Model, today often called "the search for New Physics". Depending on the actual problem, different levels of uncertainty are requested, as shown in figure 1, ranging from "modest" 10 -6 to ≤ 10 -11 and, of course, even lower if technically feasible.
In some cases, "just" a finite value is searched for as, for example, in the case of the mass of the neutrino. 5 Here, observing the b-spectrum near the endpoint in the decay of tritium to helium-3 is one of the most promising approaches. At present, an upper limit for the electron anti-neutrino mass of < 2 eV was obtained 6 from experiments performed at Mainz 7 and at troitzk. 8 Scaling the experimental upper limit of the neutrino mass with the 18.6 keV decay energy, the relative accuracy of < dm/m = 10 -4 looks at the first glance rather modest.
In chemistry and physics, a lower uncertainty is required as basic information on atoms and molecules. dm m -1 = 10 -6 corresponds to 100 keV for an atom with the mass number A = 100. this is better than can currently be calculated for the binding energy by nuclear models, since there is no exact theory of the strong force in complex systems such as nuclear matter. Very often, chemists like to have a very high resolving Elemental compositions can be determined uniquely from mass measurements at ~ 0.1 mDa accuracy for molecules up to ~ 500 Da, possible today by fourier transform ion cyclotron resonance (ft-Icr) mass spectrometry. 9 As shown in figure 1 , the other end of the present accuracy scale is at dm/m ≈ 10 -11 . this 10 ppt uncertainty, reached in some experiments, seems to be the optimum accuracy presently achievable by the most advanced Penning trap mass spectrometers. However, still lower uncertainties are highly desirable for addressing fundamental constants and tests of fundamental symmetries and interactions. figure 2 shows the huge progress with time on how well masses can be measured for the example of silicon-28. A steady improvement of nearly one order-of-magnitude per decade is observed due to the development of new types of mass spectrometer as well as trapping and cooling techniques. A jump in accuracy by nearly three orders-of-magnitude was obtained by measuring the cyclotron frequency of a single ion stored at liquid-helium temperature.
High-accuracy mass spectrometers world-wide
Penning traps are the instrument of choice if one aims for extreme accuracy in mass determination. only a few Penning trap systems world-wide enable (or enabled) mass measurements with an uncertainty of some parts of 10 10 and below. In the following, those are briefly mentioned and some examples are given:
A proton-anti-proton mass-over-charge comparison to 9 × 10 -11 or 90 ppt was performed by Gabrielse et al. 11, 12 in a Harvard-Bonn-Seoul collaboration at the shut-down lowenergy anti-proton ring (LEAr) at cErN. 31 SHIPtrAP at GSI in Darmstadt, Germany, 32 JyfLtrAP at the university of Jyväskylä in finland, 33 LEBIt at the National Superconducting cyclotron Laboratory at the university of Michigan, uSA 34 and tItAN at trIuMf in Vancouver, canada. 35 Presently, the first Penning trap mass spectrometer installed at a nuclear reactor is coming into operation, i.e. trIGA-trAP 36 at the trIGA reactor at the university of Mainz for mass measurements on neutroninduced fission products. At these facilities, mass measurements of radionuclides can be performed with an accuracy reaching 10 -8 in the optimum cases.
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Applications of mass spectrometry for fundamental physics
High-accuracy mass measurements and mass comparisons of stable or radioactive nuclides on the level of 10 −8 and better have a wide variety of fundamental applications in physics and metrology. In the following some examples are discussed.
Test of the fundamental symmetries
up to now, all physical interactions were found to be invariant under cPt and Lorentz transformations. High-accuracy mass measurements play an important role for cPt tests which involve three combined symmetry operations: (i) charge conjugation, (ii) parity operation and (iii) time reversal. the cPt theorem predicts that fundamental quantities such as mass, absolute value of the charge, or g-factor should be equal for particles and anti-particles. As already mentioned, an upper limit of 9 × 10 -11 has been obtained for a possible difference of the charge-over-mass ratio of the proton compared to the anti-proton. 11 An even smaller upper limit of g electron /g positron = 1 + (0.5 ± 2.1) × 10 -12 has been achieved by comparing the g-factors of the electron with that of the positron.
24,38 the Penning trap results were analyzed by Bluhm et al. 39, 40 in respect of a new figure of merit for cPt violation.
Test of fundamental interactions and relations
the electromagnetic interaction can be tested by highaccuracy experiments with highly-charged ions, experiments that provide benchmarks for bound-state quantum-electrodynamics (QED) calculations in extreme electromagnetic fields that are not accessible in any other way. 41 When QED is found to be valid, these experimental results can be used to determine fundamental constants or nuclear ground state properties of stable and radioactive nuclei. the most stringent test of quantum electrodynamics has been performed for hydrogenlike systems by a determination of the 1s-Lamb shift in 238 u 91+ with an uncertainty of 4.6 eV at the Experimental Storage ring (ESr) at GSI. 42 trying to compete with this x-ray experiment by mass spectrometry should be possible but requires extreme accuracy: Weighing both the fully stripped uranium ion (i.e. the nucleus) and the hydrogen-like one to 10 -11 accuracy would result in a slightly improved uncertainty of 2 eV for the 1s Lamb shift in u 91+ . 43 for that purpose, and others, a new facility providing bare and highly-charged ions up to uranium, the so-called HItrAP facility, 44 is under construction at GSI (see outlook section) and a high-performance Penning trap mass spectrometer, a system with five Penning traps in a superconducting solenoid called PENtAtrAP, is being built up at the Max Planck Institute for Nuclear Physics at Heidelberg. the theory of special relativity is another cornerstone of physics and E = mc 2 is one of the most often used relations and presumably the best-known formula in science. Its validity can be tested best by measuring the mass of a system that decays and by determining the mass of the decay products and the emerging energy. up until recently, the best test of this fundamental relation was conducted by Green et al. 46 in 1991 with positronium, an atom consisting of an electron and a positron: they used the known e + and e -masses and measured the g-ray energies when positronium annihilates. rainville et al. 47 Si and the energy of the g-rays emitted when the transformation of one isotope into another is induced by thermal neutrons. In this way, they proved the validity of Einstein's mass-energy relationship E = mc 2 with an uncertainty of 1.4(4.4) × 10 -7
.
Double b-decay and masses of fundamental particles
Since recent experimental results from atmospheric, solar and reactor neutrino sources identified neutrino oscillations and established that neutrinos have rest masses, the determination of absolute neutrino masses, together with the proof that neutrinos are Majorana particles, remains a big challenge. 48 the occurrence of double-beta decay without emission of neutrinos (0nbb) would be a violation of the Standard Model. In order to set a reliable limit for the 0nbb-decay mode, it is important to know the Q bb -value very accurately. the current Q-values for double-beta decay deduced from the Atomic Mass Evaluation 49 have a typical uncertainty of 3-7 keV. the present best-studied decay is that of 76 Ge. the Q bb -value of the 76 Ge double b-decay has been determined by measuring the masses of 76 Ge and 76 Se with a relative uncertainty of dm m -1 = 1 × 10 -9 using the Penning trap mass spectrometer, SMILEtrAP. 50 Many more candidates are currently being considered. recently, the Q-value for the double-b decay of 112 Sn was determined with an uncertainty of only 160 eV by JyfLtrAP 51 , those of 130, 128, 120 te with an uncertainty of a little bit more than 1 keV by the canadian Penning trap cPt 52 and that of 136 Xe and 130 te with an uncertainty of 370 eV and 13 eV, respectively, at florida State university. 21, 53 the measurement of the mass of the electron anti-neutrino, as planned by the huge KArlsruhe trItium Neutrino experiment (KAtrIN) at Karlsruhe, 54,55 is discussed in more detail in the section on "the retardation spectrometer KAtrIN". unprecedented mass accuracy is needed to determine the endpoint energy E 0 or Q-value of the 3 t ® 3 He decay to an uncertainty of dE = 20 meV, which corresponds to a relative mass uncertainty of dm/m = 7 ppt for the masses of mother and daughter. Such a measurement is important as a constraint and check of consistency if KAtrIN is to reach a designed sensitivity to the electron neutrino mass of m(n e ) = 0.2 eV. recently, an improved Q-value with an uncertainty of 1.2 eV was reported by the SMILEtrAP group. 56 A further improvement is planned with the Penning trap spectrometer moved from the university of Washington and installed at the Max Planck Institute for Nuclear Physics at Heidelberg. 18 As briefly mentioned in the section on "High-accuracy mass spectrometers world-wide", the masses of the building blocks of atoms and nuclei, electron, proton, neutron and those of the light atoms such as hydrogen, deuterium, tritium, helium-3 and helium-4, have all been determined by Penning trap mass spectrometry relative to the atomic mass unit 1 u = (1/12) × m( 12 c).
Fundamental constants and metrology
the combined measurement of the cyclotron frequency and the Larmor precession frequency of an electron stored in a Penning trap at a temperature of 100 mK lead to a determination by Hanneke et al. 25 of the fine structure constant, a, with an uncertainty of 0.37 ppb. this uncertainty of the so-called g-2 experiment is 20 times smaller than any alternative highaccuracy route to the fine structure constant. the next most accurate determination is based on the relation between a and the molar Planck constant which is related to the recoil an atom experiences when absorbing a photon. for that purpose, alkali atoms are well suited: they can be laser-cooled to extremely low temperatures so that the photon recoil can be determined by atomic interferometry. In addition, their atomic mass has to be determined with high accuracy. this was achieved at Stockholm with the Penning trap mass spectrometer SMILEtrAP 57 with highly-charged ions 58 and at MIt using a single stored and cooled ion.
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Another approach to a high-accuracy determination of a was proposed by Shabaev et al. 59 If the g bound -factors of the bound electron in hydrogen-like and boron-like ions can be measured, for example for 208 Pb 81+ and 208 Pb 77+ , the nuclearsize contributions cancel to a large extent and the fine structure constant will be determined with an accuracy in the ppb range. the experimental uncertainty would be expected to be that achieved in the g-factor determination performed at the university of Mainz for hydrogen-like c 5+ and o 7+ ions. In those Penning trap experiments, 26, 28 the measurement of the cyclotron and Larmor frequencies enabled the measurement of the g-factor of the bound electron in these systems and resulted in an improvement of the relative uncertainty of the mass of the electron m e by a factor of four.
27,28 A further route to an alternative determination of the fine structure constant was proposed by Jentschura et al., 60 i.e. combined g-factor and mass measurements of 4 
He
+ and 10 Be + . Naturally, mass spectrometry is also playing a role in replacing the last unit which is based on an artefact and not on a natural standard: the kilogram. for more than 100 years, the kilogram has been defined by a prototype made of platinum and iridium and kept at the Bureau International des Poids et Mesures (BIPM) in Sèvres near Paris. the kilogram is now the only base unit of the International System of units (SI) still being defined in terms of a material artefact. At present, there are two approaches to replace the kilogram prototype by a natural unit: 61, 62 (i) the so-called "Watt Balance", where the force on an electrical coil in a magnetic field is measured and compared to the gravitational force on a test mass and (ii), the definition via a very accurate determination of the Avogadro constant N A . the determination of N A is foreseen to be measured by counting the number of atoms in a single-crystal sphere made of silicon or by measuring the current in a pure bismuth-209 ion beam which is collected and weighted. the masses of a 28 Si or 209 Bi atom can be related to the atomic mass unit, defined by 1/12 of the mass of a 12 c atom, by mass spectrometry. for silicon-28, this has been achieved with Penning trap mass spectrometry, first by the use of an ion cloud stored at room temperature in the SMILEtrAP 57 by Jerz et al. 63 to an accuracy of dm/m ≈ 1 × 10 -8 , later by Difilippo et al. 64 with an uncertainty of 7 × 10 -11 by using a single ion at liquid-helium temperature and calibrating the magnetic field by another one loaded into the trap after ejecting the first one and, very recently, by redshaw et al. 10 comparing the cyclotron frequencies of two ions simultaneously trapped in a Penning trap, again at liquid-helium temperature (see figure 2) .
Three state-of-the-art mass spectrometers
The retardation spectrometer KATRIN-the biggest mass spectrometer for determining the smallest mass (mass of the electron anti-neutrino)
Neutrino oscillations, as observed in recent years, can only be explained if masses are attributed to the neutrinos. However, neutrino oscillations are sensitive to the differences of squared masses of different neutrino mass eigenstates: absolute masses can only be determined by studying weak decays. 5 Most popular, and giving the best upper limit for the mass of the electron anti-neutrinos, is the study of the beta decay of tritium as performed at Mainz 7 and troitsk. 8 Both experiments applied very similar techniques. figure 3 shows the principle.
In the Mainz experiment, the tritium source is placed in a magnetic field of 6 t. Adiabatic magnetic guiding is employed to transport the b-particles, resulting from the tritium decay, from the source to an electrostatic retardation spectro meter. this is placed in a very weak magnetic field of 3 × 10 -4 t and operates at a potential near the corresponding end point energy of the b-decay spectrum (E 0 = 18.6 keV). the transmitted b-particles are detected and recorded as a function of the voltage applied to the retardation electrodes. Such a spectrometer provides excellent energy resolution, long-term stability, and low background rate.
the present upper limit for the mass of the electron antineutrino is m(n e ) < 2 eV at a confidence level of 95%. In order to decrease this limit by an order-of-magnitude, KAtrIN, 54,55 a spectrometer scaled up in diameter by a factor of 10 as compared to the Mainz spectrometer, is being set up at the forschungszentrum Karlsruhe. the main spectrometer vessel has a diameter of 10 m and a length of 24 m, making it the largest mass spectrometer in the world. In fact, its size was dictated by the available space between the houses of the village of Leopoldshafen during transportation of the vacuum vessel to the research center, Karlsruhe (figure 4). the start of operation is planned for 2012 and a finite neutrino mass or a lower limit of 0.3 eV (3s) is expected after three years of obtaining data. 55 The ESR at GSI-a medium-sized mass spectrometer for determining mediumheavy masses Highly-charged ions, either stable or radioactive, are generated at GSI by accelerating an ion beam up to the energy required for stripping to the required charge state. In the case of experiments with bare uranium, u 73+ ions are accelerated by the heavy ion synchrotron, SIS, to about 400 MeV per nucleon, the energy necessary for complete stripping. the relativistic ions are then ejected out of the SIS and hit a stripper target where they lose all, or nearly all, electrons. In case stable isotopes are investigated, the uranium ions of the wanted charge state, q, are injected directly into the ESr (figure 5). If radionuclides should be studied, these species are produced in a production target by projectile fragmentation or coulomb dissociation, separated according to mass and charge state in the fragment separator (frS) and then injected into the ESr. this cooler-storage ring keeps the injected ions with dipole magnets and quadrupole lenses on a closed orbit with a circumference of 108 m. An electron cooler is used for cooling the stored ion beams at relativistic energies of several 100 MeV per nucleon to a momentum spread of only dp/p ≈ 10 -6 in case of low number of stored ions. this facility turned out to be a highly sensitive and very precise spectrometer. 4 two new, complementary techniques, Schottky mass spectrometry (SMS) 65, 66 and isochronous mass spectrometry (IMS), 67 have been developed during the last two decades. they have been used in several experimental runs for mapping large areas of the nuclear mass surface in the medium-heavy region of the chart of nuclei. 68, 69 the exotic nuclei of interest are produced as highly-charged ions, mainly as bare, hydrogenlike or helium-like ions. the ions are injected at relativistic velocities as a bunch of about 400 ns pulse length into the ESr. After injection, the ESr is used as a high-resolution mass analyzer and the masses are determined from the precise measurement of their revolution frequencies in the ring.
the principles of the two mass spectrometric modes are depicted in figure 6 and are most easily understood from the equation given at the bottom of the figure: It gives the relationship between revolution frequency, f, mass-to-charge-ratio, m/q, and velocity, v, of different circulating ions. the symbol D stands for the difference in frequency, m/q, or velocity, v, between two stored ions. the quantity, g, is the relativistic Lorentz factor of the ions and g t is an ion-optical parameter which characterizes the transition point of the storage ring where the round trip times of the ions stored in the ring with different velocities become equal. for an unambiguous relationship between frequency and mass, the second (velocitydependent) term on the right-hand side of the equation must cancel. this is possible in two ways: for Schottky mass spectrometry (SMS), electron cooling is applied so that all stored species have the same velocity, i.e. a velocity identical to that of the electrons in the cooling beam. In this case, Dv/v is (almost) zero and the second term vanishes. In this mode of operation, parallel plates installed in the beam pipe of the ESr (Schottky Noise Pickups) record the image charges Figure 6 . Schematics of the ESR at GSI and the principle of mass measurements of Schottky mass spectrometry (SMS, left) and isochronous mass spectrometry (IMS, right). The motion of up to four different species labeled by (m/q) 1…4 is indicated. For SMS, the ions are electron-cooled and have the same mean velocity, v, whereas for IMS, the ions are not cooled but "hot" and have different velocities. induced by the circulating ions. After fourier transformation, a frequency spectrum is obtained, as shown in figure 7 . the unknown masses of the nuclei of interest are determined by use of the signals of ion species with well known mass. this SMS mode is very similar to fourier transform mass spectrometry (ft-MS), also called fourier transform ion cyclotron resonance (ft-Icr) spectrometry and used extensively in chemistry. However, a low mass uncertainty down to dm/m ≈ 1 × 10 -7 and single-ion efficiency can be reached due to the use of only a few highly-charged ions stored in the ring and due to redundancy by observing the same nucleus in different (high) charge states.
for isochronous mass spectrometry (IMS), the ESr is operated in the isochronous mode at g = g t so that, again, the second term of the equation in figure 6 vanishes. Here, the storage ring acts as a time-of-flight (tof) mass spectrometer with a huge flight path. In this case, no electron cooling is applied since the revolution time is independent of the ion velocity. the ion's time-of-flight is recorded when it passes through a thin foil of the tof detector and releases secondary electrons at almost each turn in the ring. Whereas SMS is limited to investigations of radionuclides with half-lives of t 1/2 ≈ 10 s or longer due to the time required for electron cooling, no cooling is required at all for IMS. once injected, the ions make up to 10,000 revolutions before they are lost due to charge change or energy loss in the foil of the tof detector. their storage and, thus, their observation time, is therefore of the order of only a few milliseconds. However, their flight path is in the order of 100 km. thus, IMS is ideal for mass measurements of short-lived nuclei with halflives in the few millisecond and sub-millisecond range and a mass resolving power of m/Dm fWHM ≈ 100,000 and a mass precision of about 100 keV can be achieved.
Also, the decay of nuclides can be observed by time-resolved Schottky mass spectrometry. 70 figure 8 shows figure 8 ). this time-resolved SMS of radionuclides is unique, since it combines extreme single-ion sensitivity, a very low mass uncertainty and, for the first time in decay experiments, the observation of the disappearing mother as well as of the appearing daughter. Very recently, oscillations in the exponential electron capture decay of hydrogen-like ions 140 Pr and 142 Pm were observed, 71 which are extensively discussed in the literature.
The Penning trap facility, SHIPTRAP, at GSI-the smallest mass spectrometer for determining the heaviest masses (superheavy elements) the Penning trap mass spectrometer, SHIPtrAP, 72 shown in figure 9 , is installed behind the Wien filter SHIP at GSI where the elements 107 ≤ Z ≤ 112 were discovered. 73 the secondary ion beam, produced in fusion-evaporation reactions and separated by SHIP, enters the gas cell 74, 75 with an energy of a few hundred keV per nucleon through a thin window. It is then slowed down and thermalized in helium of ultra-high purity at a pressure of about 50 mbar. the stopped ions are extracted by radiofrequency (rf) and Dc electric fields and by gas flow through an exit nozzle to an rf quadrupole cooler and buncher, where a low-emittance bunched ion beam is formed. these short ion bunches are injected into a double Penning trap system consisting of two cylindrical traps inside a 7 t superconducting solenoid. In the first trap, isobars are separated with a mass resolving power of up to 100,000. In the second trap, the cyclotron frequency is measured by a time-of-flight ion-cyclotron-resonance (tof-Icr) detection technique. 2, 3 recently, the very first high-accuracy Penning trap mass measurements could be performed on isotopes of elements above uranium: the masses of [252] [253] [254] No (Z = 102) were 
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65+ ion is created by atomic electron capture from the rest gas, which again decays after about 2 min. Figure 9 . The Penning trap mass spectrometer SHIPTRAP installed at GSI. The secondary beam coming from the Wien filter is stopped in a gas cell from where the ions are extracted into a linear gas-filled radiofrequency quadrupole trap. From here, the ions are transferred as cooled ion bunches to the two Penning traps and installed in a superconducting magnet. The first Penning trap acts as an isobar purifier and the second one is used for mass spectrometry.
determined, 76 which serve as anchor points on the path to the island of stability (figure 10).
Outlook
At present, the highly-charged ion trap (HItrAP) 44, 77 facility is being built at GSI (figure 11). HItrAP will provide unique beams of 10 5 highly-charged ions up to bare uranium u 92+ every 10 s in a specific charge state. Highly-charged, stable and radioactive ions, produced as described in the section above, are decelerated in the ESr, electron-cooled at different energies and ejected out of the ring when their energy is decreased to 4 MeV per nucleon. Subsequently, the highly-charged ions are further decelerated by linear accelerator structures which are operated in the inverse mode. the ions leave the decelerator with an energy of 6 keV per charge and are finally retarded electrostatically so that they can be captured in a long cooler Penning trap. Here, electron and resistive cooling is employed in order to reach energies corresponding to a temperature of 4 K. thus, HItrAP will be the first ever instrument to provide a large number of highly-charged ions, all in a selected charge state, up to bare uranium at nearly rest in space or as a brilliant beam at ultra-low energies.
for mass spectrometry, the highly-charged ions of stable or radioactive nuclides are transferred from the HItrAP cooler trap to PENtAtrAP, 18 a high-precision Penning trap developed at the Max Planck Institute for Nuclear Physics at Heidelberg (see the section on "test of fundamental interactions and relations"). It can be expected that masses of stable and long-lived, highly-charged ions can be measured with still better accuracy than presently possible, since the cyclotron frequency of an ion, confined in a Penning trap, increases linearly with the charge state q. In addition, the induced image currents scale with q 2 . these measurements will first be used to test and improve calculations of atomic binding energies. If that is achieved, masses of long-lived radionuclides will have unprecedented accuracy. 
